Introduction {#sec1}
============

The technological importance of iron oxide nanosystems in view of different technological end-uses leads to the development of new synthesis methods.^[@ref1]−[@ref4]^ In this letter, we report a new method for the synthesis of core--shell structures based on Fe~3~O~4~ nanoparticles and carbon, which can be considered as promising materials for various applications in industry and medicine.^[@ref5]−[@ref8]^ Among other iron oxides, magnetite (Fe~3~O~4~) is more stable and has higher magnetic characteristics. It can be used, for example, in medicine in diagnostic systems (MRI), targeted delivery, protein immobilization, biolabels, and so forth. Existing methods for the preparation of nanomaterials with a "Fe~3~O~4~ core--carbon shell" structure are usually time consuming and difficult to implement. They can provide high productivity of the material with required characteristics and composition only in rare cases.

The aerosol-assisted chemical vapor deposition (AACVD) can be considered as an attractive method for the fast formation of different nanomaterials^[@ref9]^ including core--shell nanostructures in the "iron oxide--carbon" system. In this case, one can use solutions of carbon-containing reagents required for the "carbon shell" formation with dispersed Fe~3~O~4~ particles as initial substances. The main advantages of this approach compared to other methods are simplicity of the synthesis procedure and required equipment, as well as significantly lower reagent consumption. Variations of process parameters allow to smoothly and predictably change the structural characteristics of the obtained particles. However, there are only a few papers dedicated to the study of principal possibility to synthesize carbon nanoparticles using this method^[@ref10]^ and to fill porous carbon nanospheres with metal oxide particles.^[@ref11]^ The AACVD method has not been used for the synthesis of the "Fe~3~O~4~ core--C shell" nanostructures. The aim of this work was to study the influence of the main technological parameters of the aerosol chemical deposition process on the composition and structure of the formed nanoparticles with a "Fe~3~O~4~ core--carbon shell" structure.

Results and Discussion {#sec2}
======================

The AACVD process was carried out in a vertical flow reactor with "hot walls" (see [Experimental section](#sec4){ref-type="other"}). To obtain powdered nanomaterials with a "Fe~3~O~4~ core--carbon shell" particle structure, a solution of benzoic acid in dimethylformamide (DMF) containing Fe~3~O~4~ nanoparticles dispersed in it was used. Magnetite nanoparticles were preliminarily synthesized in accordance with the method described in ref ([@ref11]), with and without the use of mannitol as a stabilizer. Then, the aqueous solution base was replaced by a solution of benzoic acid in DMF. Unstabilized iron oxide nanoparticles form agglomerates of about 100 nm in size before the base is replaced. The use of mannitol allows to obtain particles in aqueous medium with an average size of about 10 nm.^[@ref12]^ When the medium is replaced from aqueous to solution of benzoic acid in DMF, mannitol is dissolved and Fe~3~O~4~ nanoparticles are also subjected to agglomeration, however, with a lower intensity comparing to water because DMF acts as a stabilizer.^[@ref13]^ The concentration of the benzoic acid solution in DMF was 1 mol/L (in several experiments it was different and this is highlighted in the text). The content of iron oxide nanoparticles in solutions was about 1 mg/mL.

The temperature along the reactor was set at 750 °C. The residence time of the reagents in the reaction (heated) zone was controlled in the range of 20--60 s by changing the carrier gas flow rate in the range of 0.3--1 L/min.

To establish the time required for the formation of carbon in the "iron oxide--benzoic acid solution in the DMF" system, we studied the IR spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, spectra were vertically shifted for better visualization) of synthesized composite powders and carbon-containing powders obtained by the AACVD method from a solution of benzoic acid in DMF. It was found that the intensities of the absorption bands corresponding to vibrations of C--H~*x*~ fragments ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) decrease in the IR spectra when the residence time of the reagents in the reaction zone is increased and therefore a more complete decomposition of the carbon-containing reagent occurs.

![IR spectra of powders obtained at different times: (a) composite and (b) carbon-containing.](ao0c00392_0001){#fig1}

###### Wavenumbers Corresponding to the Absorption Bands in the IR Spectra of Synthesized Powders^[@ref14]^

  ν, cm^--1^   vibration type
  ------------ ----------------------------
  680--890     C--C~bend~ ring; C=O~bend~
  1120         C--H~bend~
  1590         C--C~stretch~ ring
  1750         C=O~stretch~
  2780--3200   C--H~stretch~ ring

The results of EDX-analysis of the particles obtained in the reaction system "iron oxide--benzoic acid solution in DMF" with a residence time of about 40 s showed that particles contained iron, oxygen, and carbon. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the scanning electron microscopy (SEM) image and the data of EDX analysis of the single particle in accordance with the marked profile line.

![Elemental EDX line scans for various elements along the yellow line marked in the upper SEM image.](ao0c00392_0002){#fig2}

According to X-ray photoelectron spectroscopy (XPS), the composition of iron oxide in the obtained particles corresponds to Fe~3~O~4~ (see [Experimental section](#sec4){ref-type="other"}). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the images of the synthesized particles obtained with the use of transmission electron microscopy (TEM). The size of the particles was in the range 200--600 nm, and more than 80% of them had a size in the range 300--400 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,c). As one can see from the high-resolution TEM (HR-TEM) image ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) of the synthesized particles, there is a lighter shell and a dark core inside usually consisting of several 80--100 nm grains ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This fact allowed us to suggest that the compositions of the shell and the inner core are different. The image of the substance forming the shell with a thickness of about 2--2.5 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) did not contain clearly visible atomic planes. This is evidence of its amorphous structure, and a lighter color probably indicates that it consists of lighter atoms compared to the core. The results of electron diffraction ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) showed that the sample contains iron oxide with the structure of magnetite.^[@ref15]^ HR-TEM allowed to estimate the value of an interplanar spacing of 4.86 Å ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), which corresponds to the (111) planes in the Fe~3~O~4~ phase.^[@ref16],[@ref17]^ Comparing the data of EDX-analysis, XPS, and TEM, one can conclude that the synthesized particles have a "Fe~3~O~4~ core--C shell" structure.

![TEM images of particles with the "Fe~3~O~4~ core--C shell" structure (a,b), particle size distribution (c), HR-TEM image and insertion of the diffraction pattern of iron oxide, which is part of the particles (d), obtained in the system "iron oxide--benzoic acid solution in DMF".](ao0c00392_0003){#fig3}

The scheme shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} illustrates the mechanism of Fe~3~O~4~--C nanoparticle formation in the system "iron oxide--benzoic acid solution in DMF". An aerosol particle generated with the use of an ultrasonic nebulizer contains several Fe~3~O~4~ nanoparticles surrounded by benzoic acid molecules. When aerosol particles are introduced into the reactor, the solvent is evaporated from the surface of the aerosol particle and a solid layer of carbon-containing substances are gradually formed. Then, it is subjected to pyrolysis with the formation of a carbon shell. It is the most probably that carbon in the system participates not only in the formation of the particle shell, but also in the binding of Fe~3~O~4~ grains to each other.

![Schematic presentation of the synthesis of "Fe~3~O~4~ core--C shell" nanoparticles in the system "iron oxide--benzoic acid solution in DMF".](ao0c00392_0004){#fig4}

Particles with an average size of about 250 nm are formed when the benzoic acid concentration is lowered to 0.5 mol/L ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The use of pre-stabilized mannitol Fe~3~O~4~ nanoparticles allows to reduce the average size of the formed core--shell particles to about 180 nm with a more narrow size distribution ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Because of the lower tendency of the iron oxide particles to agglomerate in DMF, smaller grains are formed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). It is possible also, that mannitol in the solution can play the role as an additional carbon-containing reagent in the system. It can be converted into sugars (mannose and galactose) which then are transformed to carbon because of pyrolysis at a higher temperature.^[@ref18]^

![SEM and TEM images of core--shell nanoparticles formed during 40 s at the benzoic acid concentration in DMF of 0.5 mol/L (a) and 1 mol/L using stabilized Fe~3~O~4~ nanoparticles (b,c) in the system "iron oxide--benzoic acid solution in DMF".](ao0c00392_0005){#fig5}

Conclusions {#sec3}
===========

A method for "Fe~3~O~4~--shell C core" spherical structure synthesis by the pyrolysis of aerosols of a solution of benzoic acid in DMF with dispersed Fe~3~O~4~ nanoparticles has been developed. It was experimentally shown that by changing the concentration, it is possible to control the size of the formed particles. A decrease in the particle size and the number of Fe~3~O~4~ grains in the core, as well as the formation time, is possible in the case of preliminary stabilization of iron oxide nanoparticles by mannitol, which is also an additional carbon-containing component in the system. Detailed step-by-step explanation of this process will be featured in an upcoming publication. Further research activities on the proposed method will be aimed at studying the sorption ability of particles, magnetic characteristics, and at increasing the synthesis rate and yield of the final product.

Experimental Section {#sec4}
====================

Nanoparticle Formation {#sec4.1}
----------------------

Powdered nanomaterials with the "Fe~3~O~4~ core--C shell" structure were obtained by the AACVD in the experimental setup shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The liquid reagents from reservoir 1, where they were transferred to aerosol form with the use of piezoelectric nebulizer, were transported into the reaction zone by argon used as a carrier gas. "Hot wall" vertical reactor 3 is equipped with heating elements that allow setting different temperatures in the reactor sections. Single-crystal silicon substrates were placed on the inner surface of nickel cylinder 4, which together with electrode 5 works as an electrostatic filter for collecting of the synthesized products.

![Schematic presentation of the experimental setup.](ao0c00392_0006){#fig6}

Materials Characterization {#sec4.2}
--------------------------

Size and structure analysis of the nanoparticles was carried out according to the SEM images (SUPRA 55VP). Statistical analysis of particle size characteristics was carried out by processing SEM images using the Digimizer software package in at least 200 measurements. The study of the particle structure was carried out using a transmission electron microscope (Jeol JEM-2100F). TEM samples were prepared by dry transfer of the deposited particles onto a carbon grid suspended on a copper TEM grid. In order to analyze the structure of the material, bright-field images and high-resolution images, as well as electron diffraction patterns, were obtained. To determine the nature of chemical bonds in the deposited product and to qualitatively evaluate the composition of powder materials, IR Fourier spectrometry (FSM-1201 FTIR spectrometer) was used. The composition of the particles was studied by means of energy-dispersive spectrometry (Oxford Instruments X-Max) and X-ray photoelectron spectroscopy (SPECS). The energy scale of a XPS spectrometer was calibrated using the 4f~7/2~ gold line, the binding energy of which was set to 84.00 eV and Mg Kα radiation was used. The charging effect was taken into account along the carbon line corresponding to C--H bonds, and a good agreement was observed between the positions of the lines of the remaining elements in the sample and their expected chemical state.

XPS Spectra Interpretation {#sec4.3}
--------------------------

According to the overall spectrum obtained by the XPS method, the content of Fe in the test sample is 3.6 at. %, O---32.0 at. % and C---64.4 at. %. The 2p~3/2~ Fe line ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, left) is fitted with asymmetric Gaussian--Lorentzian peak with the maximum at 710.58 eV. The 1s oxygen line ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, right, red curve) can be interpreted as a superposition (brown dash curve) of four components with different binding energies while 530.31 eV peak correspond to the "oxygen--iron" bond.^[@ref19]^ The area under this curve is 15.0% or 4.8 at. %, which allows to conclude that the ratio of iron and oxygen associated with iron in the test sample is 3:4 (3.6 at. % Fe and 4.8 at. % O) corresponding to iron oxide (II, III). Binding energies of 530.31 and 710.58 eV correspond to the iron and oxygen in magnetite.^[@ref19]^ The Fe 2p~3/2~ 710.58 eV peak has no satellites, which is typical, unlike other iron oxides, for Fe~3~O~4~.^[@ref19],[@ref20]^

![Fe 2p~3/2~ and O 1s peaks and XPS of synthesized nanoparticles.](ao0c00392_0007){#fig7}
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